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Nanoscale spectroscopic studies of two different physical origins of
the tip-enhanced force: dipole and thermal
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ABSTRACT: When light illuminates the junction formed between a sharp metal tip and a sample, different mechanisms
can contribute to the measured photo-induced force simultaneously. Of particular interest are the instantaneous force
between the induced dipoles in the tip and in the sample and the force related to thermal heating of the junction. A key
difference between these two force mechanisms is their spectral behaviors. The magnitude of the thermal response follows
a dissipative Lorentzian lineshape, which measures the heat exchange between light and matter, while the induced dipole
response exhibits a dispersive spectrum and relates to the real part of the material polarizability. Because the two interac-
tions are sometimes comparable in magnitude, the origin of the nanoscale chemical selectivity in the recently developed
photo-induced force microscopy (PiFM) is often unclear. Here, we demonstrate theoretically and experimentally how light
absorption followed by nanoscale thermal expansion generates a photo-induced force in PiFM, which hasn’t been revealed
so far. Furthermore, we explain how this thermal force can be distinguished from the induced dipole force by tuning the
relaxation time of samples. Our analysis presented here helps the interpretation of nanoscale chemical measurements of

heterogeneous materials and sheds light on the nature of light-matter coupling in van der Waals materials.

The blossoming field of nanotechnology has triggered a
demand for characterization tools that enable composi-
tional analysis with nanoscale spatial resolution. Tradi-
tional optical microscopic methods have insufficient reso-
lution to meet this need, and even super-resolution fluo-
rescence microscopy techniques are too limited in their ap-
plicability for the analysis of a broad range of nano-mate-
rials'. Scan-probe techniques, on the other hand, offer gen-
uine nanoscale resolution but generally lack chemical con-
trast. To overcome these limitations, recent efforts have fo-
cused on technologies that combine the high-resolution
capabilities of scan-probe techniques with the chemical se-
lectivity of optical spectroscopy. The scattering type scan-
ning near-field optical microscopy (s-SNOM) is a prime ex-
ample, as it enables chemically sensitive imaging of mate-
rials at the nano-scale. In addition, the light-based scan-
probe approach also enables the study of fundamental
light-matter interactions in the tip-sample junction, such
as polaritonic effects in van der Waals materials34.

As a nanoscopic technique, s-SNOM has made it possi-
ble to characterize physical and chemical properties of na-
noscale materials with great success. Nonetheless, experi-
mental challenges remain. For instance, it is still challeng-
ing to isolate the actual near-field response from the back-
ground, often requiring complex methods for background
suppression such as the pseudo heterodyne techniques or
the higher order demodulation technique®. Because of the
low signal-to-noise ratio, s-SNOM typically uses moder-
ately high power, which may cause damage to the light sen-
sitive nano-junction and irreversibly alter the sample prop-
erties on the molecular level.

An alternative near-field method uses the opto-mechan-
ical force as the read-out mechanism, thus avoiding the de-
tection of light altogether. These techniques include
photo-induced force microscopy (PiFM)7-8, photothermal-
induced resonance microscopy (PTIR)9™ and peak force in-
frared microscopy (PFIR)™. Both PTIR and PFIR probe the
spectroscopic response of the sample by registering the
thermal expansion of the material, which is in mechanical



contact with the tip and in contact resonance mode. Alt-
hough these latter approaches generate nanoscale maps
with genuine chemical contrast, they require the tip to be
in physical contact with the sample. In some cases, scan-
ning in contact mode may pose problems and can damage
the sample. Compared to the PTIR and PFIR, the PiFM
operates in the non-contact/tapping mode while monitor-
ing the interaction force between photo-induced dipoles in
the tip and in the sample. Theoretically, the spectral re-
sponse of induced-dipole forces follows a dispersive line-
shape implying a different image contrast. Indeed in some
reported spectral PiIFM measurements the dispersive line-
shape is observedo™. However, recent PiFM experiments in
the mid-IR have produced dissipative line shapes as in the
PTIR* and PFIR®. The latter observations suggest that op-
tical absorption followed by a thermal process is somehow
involved. Thus a question is raised about how thermal con-
tributions affect the PiFM signal and whether they may
overwhelm the instantaneous induced-dipole forces.

In this work we reveal how the thermal process consti-
tutes another force generation mechanism in the PiFM
measurement. Moreover, we discuss several ways to distin-
guish the two different mechanisms - thermal versus di-
pole interaction - by introducing the relaxation time as de-
termined by the sample volume. A rigorous theoretical de-
scription in the dipole-approximation and the correspond-
ing experimental demonstration in the illuminated tip-
sample geometry will be presented.

RESULTS AND DISCUSSION

The schematic diagrams of the induced dipole and the
thermal interaction are sketched in Figure 1a and 1b respec-
tively. For the induced-dipole interaction, the tip induces
an image dipole in the sample, which then mutually inter-
acts with the tip-dipole. A Coulombic force is generated
between the induced dipoles of the tip and the sample,
which is given as? “:
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where @, and «a; are the complex effective polarizability of
the tip and sample, respectively, within the point dipole
approximation, z, is the distance from the center of the di-
pole to the surface, and E, is the incident field. In classical
near-field scattering theory, ag can be successfully inter-
preted with the help of an image dipole model, which

yields as=fc, where f is the complex electrostatic reflec-
tion coefficient, given as f=e-1/e+1. The geometrical effect
of the tip such as the lightening rod effect should be con-
sidered to rigorously describe the dipole force in the tip-
sample junction. That effect can be included by imple-
menting the finite dipole models*. Thus the dipole force
for the layered system with the finite dipole method is
given as (see section 1 in Supporting Information for de-
tails):

o _ 1 BxolQl* | BxqlQ1l* | (Q)*BxyQo
Faip = ame, Re{(zo+xo)2 (z1+X1)? (z1+X0)?
(Q0)"Bx,Q
———LEo|? (2)
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where the Q, and Q, are the induced charges on tip, z, and z;
are the position of each charges, fx, and S, are the electro-
static reflection factors of each of the charges for the layered
system and X, and X, are the positions of the image charges
in the layered sample. The total electrostatic reflection for the
layered system is described as the effective electrostatic reflec-

BxotPil where n =Qu/Qo

The details of the derivation can be found in Section 1 of the
Supporting Information.

tion coefficient Seg, given as Pegr =

X
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Figure 1. Schematic diagram illustrating the (a) image dipole
and the (b) tip-enhanced thermal expansion. (a) & and ¢ are
the complex effective polarizabilities on the tip and the sam-
ple respectively. The tip is modeled as an ellipsoid with length
of 2L. The plane wave light illuminates the sample with an an-
gle of 0. The z, is the distance from the center of dipole to the
surface. The H is the gap distance from the tip end to the sam-
ple surface. (b) The Vg, is the absorption volume of the tip-
enhanced field, the Vi is the heated volume related to the
thermal diffusion length (I,), and the AL is the tip-enhanced
thermal expansion.

Figure 2a shows the field enhancement at the tip end
with respect to the gap distance (H), for the case of a 60
nm polystyrene (PS) film on a Si substrate. The black solid
line is the field enhancement at the sample with respect to
the PS film thickness where H is zero (in contact). The
dashed lines show the field enhancement with respect to
H where the thickness of the PS is zero (blue) or 60 nm
(red). The red curve is shifted by 60 nm to align with the
result for H=o0 nm (black solid line). Multiple-scattering ef-
fects between the tip and the substrate boosts the field
compared to the case without a substrate - where the latter
only includes the lightening rod effect of the ellipsoidal tip
(green dashed line), given by Eq. (S1). The strong field en-
hancement at the Si substrate (blue dashed line) decreases
as the 60 nm PS film covers the Si substrate (red dashed
line). This is because the effective electrostatic reflection
factor, Re{Bey}, decreases from the Re{Bs} (0.84) to the
Re{Bprs} (0.43) as the PS film thickness increases, which is
plotted in Figure 2b. This means that the tip becomes to
recognize the layered system as sole polystyrene as the PS
thickness increases. The induced dipole force by Eq. (2) is
plotted in Figure 2c. The black solid line in Figure 2c is the
calculated force on the ellipsoidal tip as a function of the
PS film thickness where H is zero (in contact). The dash
lines are the force approach curves where the thickness of
the PS is zero (blue) or 60 nm (red). The red approach



curve is shifted by 60 nm to align with the H = 0 nm result
(black solid line). Note that, because Re{s;} is bigger than
Re{fps}, the force on Si is stronger than the force on PS.
This implies that if the PS clusters are prepared on the Si
substrate, the image contrast is expected to be negative
due to the stronger induced dipole force on Si, even at PS’s
absorption resonance.
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Figure 2. (a) Field-enhancement based on the finite dipole
method. (b) Real part of the complex effective electrostatic re-
flectance factor, Re{fe4}, with respect to the thickness. (c) In-
duced (image) dipole force based on the finite dipole method
by using Eq. (2). (d) Spectrum of the real part of Bes (blue dash
line) and induced dipole force (red solid line) for 60 nm PS
film on the Si substrate by using Eq. (2). All the curves are cal-
culated at the 1452 ¢cm™ vibrational resonance of PS (C-H
bending mode)?7.

The point dipole model is still valid to qualitatively un-
derstand the spectral response of the system. The spectral
component of the force then reads Refaiag}=
Re{B.s}|a;|? for the layered system, where the magnitude
of the tip polarizability is a slowly varying function near the
resonance of the sample. The real part of the effective elec-
trostatic reflection coefficient shows a dispersive line shape
resembling the index of the refraction in Figure 2d (blue
dashed line). Consequently, the force spectrum shows a
dispersive line shape as pointed out in previous work® 1820,
The dipole force is quantitatively calculated by using Eq. (2)
and plotted as a function of wavenumber in Figure 2d (red
solid line). The force at the molecular absorption (weak os-
cillator) typically ranges from a few tens of fN to a few tens
of pNB-19,
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Figure 3. (a) Tip-enhanced field distribution inside (red) and
outside (blue) the 60 nm polystyrene film on the Si substrate.
The polystyrene interfaces with air at z = o nm. Left is towards
the inside and right towards the outside. The tip end is located
at z = 1 nm by keeping the H = 1 nm. (b) Calculated tip-en-
hanced thermal expansion with respect to the wavenumber
for 60 nm PS film on Si substrate.

Meanwhile, near molecular resonances, there is a tem-
perature rise of the sample due to light absorption, which
results in the strain deformation of the sample that even-
tually gives rise to the thermal expansion. The strong field-
enhancement not only enhances the induced dipole mo-
ment, but also increases the absorption of the sample .
The diagram for the thermal response to incident light ab-
sorption is drawn in Figure 1b. According to Dazzi et al.?,
the temperature rise inside the sample is described by the
heat equation with a heat source of Q(t):

€L =20 —1qV’T (3)
where p, C, and «.x are the density, the heat capacity and
the effective thermal conductivity. A rigorous modeling of
the photothermal response requires a complete, multidi-
mensional solution of the diffusion equation to be solved
for the temperature distribution inside the sample which
contacts the substrate acting as a thermal reservoir>>2. But
we can gain considerable insight into the relationship be-
tween the photothermal response and the thermal proper-
ties of samples by making a simple estimate of z-direc-
tional photothermal response. The heat source Q(t) is the
absorbed light energy in the sample which is directly
linked to the laser irradiation, given as Q(t) = | Paps(t) dt.
The Vis the heated volume related with the absorption vol-
ume and the thermal diffusion length?4. In this study, we
consider a molecular vibration which is weakly absorptive
(Im[n]<<Re[n]) where n is the complex index of refraction.
The sample size is much smaller than the wavelength, al-
lowing us to use the electric dipole approximation. The ab-

sorbed power under these conditions can be expressed by

_ 1 __ 4m 9Re[n]Im[n] .
Paps = [ @aps; ceo|E|* dV where agp; = = Teinrey: Which

is the absorption coefficient of the sample, 1, c and E are
the wavelength, the speed of light and the tip-enhanced
electric field inside the sample respectively®. The above re-
lation shows that the absorbed power P is proportional
to Im[n]/A, i.e., to the usual absorbance considered in in-
frared spectroscopy. The tip-enhanced absorption in-
creases the temperature inside the sample and then results
in the strain deformation which gives rise to the thermal
expansion. One can obtain the complete time dependent
temperature behavior in Ref. [26] which solves the Eq. (3).
However, if we consider the maximum thermal expansion
that maximally modulates the probe, the solution of the
equation can be much simplified by regarding the maxi-
mum temperature change. In this case, the thermal expan-
sion is described as:

ALl’l"laX ~ adATmax (4)



where o is the linear thermal expansion coefficient and
L P
AT max is given as ATy, = paTl;STrel for Ty < T, and ATy =
Pabs
pcv
is thermal relaxation time which is the time for the sample
to have an equilibrium with the environment as deter-
mined by the thermal diffusion process, given as 7. =

1.13 % d? /D¢ where the d is the thickness of the thin film

sample and D is the thermal diffusivity, given as D = %,

T, for . > 1, Here 1, is laser pulse width, and the T,

The tip-enhanced field distribution inside (red) and out-
side (blue) of 60 nm polystyrene film on the Si substrate is
calculated in Figure 3a. The polystyrene interfaces the air
medium at z=o nm. The tip end is located at z=1 nm by
keeping H=1 nm. E, (blue) is the gap field between the tip
and the sample and E, (red) is the field inside the 60 nm
polystyrene sample. By integrating the field inside the PS
and substituting it into Eq. (4), the spectral response of the
tip-enhanced thermal expansion of the 60 nm PS film is
plotted as a function of wavenumber in Figure 3b. The
maximum thermal expansion is around 23 pm at the 1452
cm™ absorption resonance. The calculation details can be
found in Section 2 of the Supporting Information.
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Figure 4. Attractive and repulsive tip-enhanced thermal ex-
pansion forces. (a) Force-distance diagram of AFM imaging
mode with respect to the tip-sample gap distance. (b) Calcu-
lated van der Waals force change (black solid line) and the
force gradient change (red dash line) due to oscillatory ther-
mal expansion with respect to the tip-sample gap distance. (c)
The calculated contact force change (black solid line) and the
force gradient change (red dash line) due to oscillatory ther-
mal expansion with respect to the indentation depth. All the
calculations are obtained for the 60 nm PS on Si substrate at
the vibrational resonance of 1452 cm™ for t,=30 ns.

To measure the tip-enhanced thermal expansion in non-
contact/tapping mode PiFM, we first have to carefully an-
alyze the PiFM operation. The general tip-sample interac-
tion force that probes the topography is understood as the
sum of a long range attractive force and a short range re-
pulsive force as in atomic force microscopy*. There are nu-
merous models to describe the forces, especially for the
contact force. In this study, we assume that the exemplar

attractive force is the van der Waals force and the exemplar
repulsive force is the Hookian contact force, given as:

HeffR 1

Fyaw # == - (H>15) (5)
HeffR

Fo % ko8 = =25 = (H<ro) (6)

where the Heyis the effective Hamaker constant between
tip and sample, R is the tip radius, r, is the interatomic dis-
tance (~o0.3 nm)%, & is the deflection of cantilever and k, is
the static stiffness of the cantilever. Although both of the
forces are simple descriptions of the force in the tip-sample
junction, they are very helpful for understanding the typi-
cal force behavior in photo-induced force microscopy.
When the force gradient is positive, there is only an attrac-
tive force, meaning that the tip does not contact the sur-
face. On the other hand, when the force gradient is nega-
tive, a repulsive force can be exerted onto the tip, meaning
that the tip might hit the surface. The positive force gradi-
ent region is called the non-contact region, while the neg-
ative force gradient region is called the contact region. In
Figure 4a the non-contact region is indicated by the orange
shaded area and the contact region is the blue shaded area.

PiFM is operated in the tapping mode, which covers the
non-contact region and the contact region, contrary to
PTIR which operates in the hard contact region (F > 0) un-
der the contact resonance conditions?. It is therefore ques-
tionable how the thermal expansion of the sample can be
coupled to the tip without actual mechanical ‘touching’,
especially in the non-contact region for PiFM. A possible
mechanism is explained in Ref. [28], where the sample
stage was mechanically modulated with frequency om and
the tip was driven at »,. When the tip approached the sub-
strate, the heterodyne coupling frequencies ®, - ®m or o, +
®m, also known as sideband coupling, were generated in
the non-contact region via the modulated van der Waals
force gradient. Since the oscillating sample stage contrib-
utes to the modulation of the tip-sample gap distance, a
modulation of the van der Waals force and the force gradi-
ent can be expected at ®. In a similar manner, the oscilla-
tory sample expansion at fr, in PiFM introduces a modula-
tion of the tip-sample gap distance in the non-contact re-
gion and eventually modulates the van der Waals force and
the force gradient at fi,. In the contact region the modu-
lated Hookian contact force due to the oscillatory thermal
expansion pushes up the cantilever, as in PTIR operation.
The modulation of the van der Waals and Hookian contact
force and their force gradient due to the oscillatory sample
expansion are given as below:

HegfR 1
6 H3

AFyqw ~ — AL(H) (H>ro) (7)

AF; ~ koAL(ro) (H<ro) (8)

OFvaw  _ HeR 1 0(AL)
4 9z 6 H3 0H (H>r0) (9)

A% ~0 (H<r,). (10)



The derivation details can be found in the Section 3 of Sup-
porting Information. Both of the modulated forces in Eq.
(7) and (8) are typically in the range between a few tens of
pN to a few nN when AL is a few tens of pm. The force
change is plotted in Figure 4b and 4c as the black solid line.
Both of the forces are still 1-2 orders stronger than the in-
duced dipole force (a few hundreds of fN to a few tens of
pN). However, the modulated force gradient shows a dif-

ferent behavior. In Figure 4b, the modulated van der Waals
Fydw

force gradient, 2 2vaw iy Eq. (9) is plotted as a function of

the tip-sample gap dlstance as the red dash line. Compared
to Aapt;’%, the modulation of the contact force gradient,
A %, in Eq. (10) approaches zero which is plotted in Figure
4c as the red dashed line, because the tip-enhanced ther-
mal expansion is maximized for the tip in contact with the
surface and it doesn’t depend on the cantilever deflection
z (= —§) after contact. By setting the difference frequency
(or sum frequency) to match another mechanical
eigenmode of the cantilever (f,) as in Figure 5a, the modu-
lated van der Waals force gradients are measured at f, sim-
ultaneously with the topography at f,. The benefit of this
heterodyne technique is to reject the constant background
force such as scattering force and to increase the sensitivity
by measuring the force gradient? 293°. The PiFM sideband
mode signal is described as:

Kinoa / 2

—0?)* + (b; )?

A (o) =

\/m (o

where kmoq is the modulated force gradient, m is the mass
of the cantilever, b’is the effective damping of the cantile-
ver, A, is the carrier amplitude and «';=

(ky =
gion can be distinguished from the contact region in the
tapping mode by monitoring the shift of the detection
eigenmode of the cantilever with respect to the total ap-
plied force gradient. When an attractive (or repulsive)
force affects the tip, the resonance curve is shifted to the
left (or right) side because of the positive (or negative)
force gradient. The total force gradient contains all the in-

teraction force gradient of the probe which is given as

OFot _ 0(Fyaw+AFyaw) + O(Fc+AF;) | (Faip+AFdip)
0z 0z 0z

dipole-related terms and two perturbative terms out of six

terms are comparatively small, the frequency shift of the
sideband amplitude peak dominantly depends on the me-

. . aF aF,
chanical interaction (% and a—;) On the other hand,

(12)

aF,
tot)/m29 3, Experimentally the non-contact re-

. Because two

A OFygw +
0z

aF
+4—= d'p . Because the second and the third terms are

the kmod is the modulated force gradient, kg =
2% dFc
neghglble, the sideband amplitude directly follows the
modulated van der Waals force gradient that results from
the oscillatory thermal expansion. Therefore, 2 2vaw W gen-

erates the PiFM sideband signal in both of the attractlve
and repulsive regions. The PiFM sideband frequency sweep
in Eq. (12) is obtained by the heterodyne coupling method

with the carrier amplitude under 10 nm at the set-point 88%
(red) and 40% (blue) for 60 nm PS on Si substrate at 1452
cm™ as shown in Figure 5b. The black solid line is the meas-
ured free space resonance curve of the fundamental
eigenmode by using a mechanical dither piezo. The PiFM
sideband resonance curve obtained at the set-point 88%
(red) is shifted to the left compared to the free space reso-
nance curve (black). This means that the measured PiFM
signal is obtained in the non-contact region (total positive
force gradient). When one taps the surface, on the other
hand, a repulsive force (total negative force gradient) is ap-
plied to the tip, and the sideband curves are shifted to the
right side. The PiFM sideband resonance curve at the set-
point 40% (blue) shows clearly the right shift. One can also
see the broadened resonance curve because of the de-
creased quality factor resulting from the energy dissipation
of the probe in mechanical contact to the sample. The
PiFM spectra at the set point 88% (red) and 40% (blue)
show the same dissipative curve in Figure 5c. For the set-
point at 40% the signal is decreased because of the de-
creased sensitivity resulting from the reduced quality fac-
tor and the reduced tip-enhancement due to the tip dam-
age in mechanical contact to the sample.
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Figure 5. (a) Schematic diagram of PiFM sideband operation.
(b) Measured detection resonance curves with respect to the
PS film thickness at the setpoint 88% (red) and 40% (blue) at
the PS vibrational resonance of 1452 cm™. The black solid line
is the free space resonance curve. (c) PiFM spectra on 60 nm
PS film at the setpoint 88% (red) and 40% (blue) at the peaks
of each detection frequency in (b). (d) Calculation of the mod-
ulated vdW force gradient (red solid line) and the calculated
dipole force gradient along with the PiFM data (black square
dots) at the setpoint 88% for 60 nm PS on Si substrate. All the
measurements are obtained under 5 mW power at a 20 um
focal spot with a 10 nm carrier amplitude.
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Figure 6. Chemical images of silicon 2,3-naphthalocyanine bis
(trihexylsilyloxide) (SiNc) obtained with respect to the pulse
width. (b) - (f) PiFM images of SiNc, obtained with CW laser,
as a function of the center wavelength from 760 nm to 860 nm
as well as the topography (a). (g) - (1) PiFM image of SiNc,
obtained with a 200 fs laser pulse, as a function of the center
wavelength from 760 nm to 860 nm as well as the topography

(g). All the images are normalized by the glass substrate signal.

(m) PiFM spectra (red and blue dots) obtained at ‘+’ points on
the topographies as well as the bulk SiNc spectra (red and blue
solid lines). The red solid line is the absorption measurement
of bulk SiNc by using UV-Vis. The blue solid line is the relative
index of refraction resulting from the Kramer-Kronig relation
of the absorption spectrum. n, is the refractive index at the
resonance frequency. All the PiFM measurement is obtained
at the setpoint 88%.

The crucial difference between the induced dipole force
and the thermal force mediated by van der Waals interac-
tion is their force gradient spectra with respect to the opti-
cal frequency. In Figure 5d, the calculated force gradient

a;‘jp (blue dash line) and 4 angw (red solid line),

which are based on literature values of the optical constant
of polystyrene?, are plotted along with the PiFM experi-
mental results for the 60 nm PS film on a Si substrate at the
set point 88% of 10 nm carrier amplitude. Rather than
mimicking the dipole force gradient, the PiFM data corre-

sponds remarkably well to the calculated modulated vdW
force gradient. The % shows relatively small contrast be-

low a few hundred fN/nm and the spectral shape is disper-

. oF
sive. On the other hand, the 4 ;;W

contrast with a few tens of pN/nm and the spectrum re-
sembles a dissipative Lorentzian profile, which seamlessly
overlaps with the measured PiFM spectrum. The calcula-
tion details can be found in Section 3 of the Supporting In-
formation.

spectra of

shows relatively large

In Figure 6, organic dye clusters (Silicon 2,3-naphthalo-
cyanine bis (SiNc)) whose thermal diffusivity is around 0.1
cm?/s* are imaged with respect to the two different force
mechanisms in the near-IR range (760 nm to 860 nm). In
this work, we used the tuning-fork based PiFM, which has
the 32kHz fundamental resonance and the 200kHz second
resonance. The second resonance probed the topography
and the fundamental resonance was used for the PiFM. The
left column shows PiFM images of a relatively large cluster
of SiNc. In these measurements, a continuous wave (CW)
laser, with an illumination power is around 200 uW and a
400 nm? focal spot, is used to demonstrate the thermal ex-
pansion behavior. The illumination power was around 200
pW at the 400 nm? focal spot. Because the laser is modu-
lated by accusto-optical-modulator at f=|f, - f,|= 168 kHz,
the heating time of the sample is 1/2fy ~3 us which is much
longer than the relaxation time of the typical thin sample
(< 1ps). The right cluster in Figure 6a, which has a height
of around 45 nm and a width of ~ 500 nm, thus a relatively
large volume with T ~ 110 ps, shows a strong photo-in-
duced force signal at the 8oo nm absorption resonance in
Figure 6d. On the other hand, the left cluster, a height of
around 25 nm and a width of ~ 200 nm, thus a smaller vol-
ume with .- 34 ps, lacks clear contrast as a function of
laser wavelength. It shows barely distinguishable contrast
at the 8oo nm absorption resonance. From the experiment
we infer that the thermal expansion is not well manifested
under a relaxation time of 10 ps. This volume dependence
is in full agreement with our tip-enhanced thermal expan-
sion analysis.

The spectral dependent PiFM signal reflects the dissipa-
tive nature of the thermal interaction in Figure 6b to 6f.
The SiNc cluster images show a maximum contrast at 8oo
nm, the absorption resonance of SiNc, but almost disap-
pear at 860 nm. The image at 760 nm shows barely discern-
able contrast as expected from the shape of the absorption
curve of bulk SiNc by UV-Vis measurement (red solid line)
in Figure 6m. The photo-induced force data (red dots)
measured at the SiNc cluster, designated by a red cross ‘+’



on the topography image in Figure 6a, follow the dissipa-
tive curve (red solid line) of the bulk SiNc spectrum as
shown in Figure 6m.

The induced dipole interaction, which is independent of
the relaxation time, can be separated from the thermal ex-
pansion force. It becomes dominant over the thermal effect
which can be suppressed by making the relaxation time
very small (under 10 ps) with a small sample volume and
an ultrafast short pulsed illumination to decrease the heat-
ing time3. A series of the PiFM images in the right column
of Figure 6 was obtained for the small size SiNc clusters by
using the 200 fs pulsed laser with a repetition rate of 76
MHz. The height of the SiNc clusters in Figure 6g is under
7 nm and the width is less than 200 nm, resulting in an
estimated relaxation time under 3 ps. Because the sample
relaxation rate (~3 ps) is shorter the interpulse time sepa-
ration (~1.32 ns), there is insufficient time to achieve a sig-
nificant thermal expansion3. With the thermal contribu-
tion suppressed, the fs PiFM experiment shows a dispersive
spectral response in Figure 6h to 61. Note that we increased
the incident power by 4 times (800 pW at 400 nm? focal
spot) to clearly visualize the dipole contrast. The PiFM im-
ages clearly map the SiNc clusters showing a maximum
contrast at 810 nm and a higher contrast at longer wave-
lengths (810 nm, 860 nm) than at shorter wavelengths (760
nm, 790 nm, 8oo nm). Note that this behavior is very dif-
ferent from the longer relaxation time case (left column).
The PiFM data (blue dots), measured at the SiNc cluster
designated by the blue cross ‘+’ on the topography image
in Figure 6g, corroborates the dispersive curve (blue solid
line) of the bulk SiNc spectrum as shown in Figure 6m. The
blue solid line is the relative index of refraction resulting
from the Kramer-Kronig relation of the UV-Vis absorption
spectrum3+. A fairly distinguishable contrast persists for all
of the images in this spectral range. This is because the in-
duced dipole force is based on the index of refraction,
which remains finite in this frequency range. As can be
seen from the dipole force and force gradient analysis for
organic molecules in Figure 2d and s5d, the signal level
(SiNc/glass) is much smaller than the thermal expansion
dominant case and the spectral contrast is very weak be-
cause the change in the index of refraction is relatively
small around the molecular resonance.

CONCLUSIONS

The thermal expansion and the induced dipole interac-
tion are simultaneously manifested in the tip-sample junc-
tion but they have their own characteristic behaviors. The
thermal expansion force is the result of several causal pro-
cesses: First, there is an energy exchange with the light
field, which scales with the optical absorption coefficient
and results in a temperature rise (AT ~ Pabs). Second, the
accumulated heat diffuses to deform the sample to induce
a thermal expansion (AL ~ AT). Third, the thermal expan-
sion changes the tip-sample distance, which introduces a
modulation of the van der Waals/contact force (AF ~ AL).
Because the force and the force gradient are based on the
absorption, their spectrum follows the dissipative line

shape. On the other hand, for the induced dipole interac-
tion, the tip induces image charges in the sample, which
mutually interacts with the tip in the near-field. The spec-
tral dependence of the force and the force gradient follow
the index of refraction so that their spectrum exhibit a dis-
persive line shape.

Because the induced dipole and the photo-thermal ex-
pansion depend on the material’s properties and volume,
we compare the typical force ranges with respect to mate-
rial's characteristics in Figure 7. Even though the PiFM
measures the modulated force gradient, a comparison
based on force is more intuitive for comparing the two
physical mechanisms. For the photo-thermal force, be-
cause the linear thermal expansion coefficient (o) is related
to the covalent bonding strength of molecules, materials
with stronger chemical bonds exhibit a smaller thermal ex-
pansion. The ¢ of organic materials is typically in the 10-
1000X10°¢ K range, which is one to two orders of magni-
tude larger than the one for inorganic materials (typically
0.1-100X10° K*). In addition to that, the thermal diffusivity,
D= %, is one of the dominant factors for determining the
temperature rise of the sample, which is inversely propor-
tional to the relaxation time as 7, = 1.13 % d?/D.Because

the thermal diffusivity of inorganic materials is around one
to two orders of magnitude larger than that of organic ma-
terials®, the thermal expansion is typically stronger in or-
ganic materials than in inorganic materials.

The dipole force for a weak oscillator such as a molecular
vibrational resonance is in the range between a few tens of
N to a few tens of pN. Because our noise level is around 0.1
pN>5, the dipole force for the organic material is sometimes
not measurable. However, the force is greatly enhanced for
a strongly responsive oscillator such as a metal/inorganic
polar crystal at plasmon/phonon polariton resonance
where the permittivity is negative. The force easily reaches
a few tens of pN to a few nN for the ellipsoidal tip. For these
plasmonic materials, because of the large thermal diffusiv-
ity of the metal or inorganic material, the dipole force is
easily extracted by suppressing the thermal force. For ex-
ample, a gold nanorod shows a strong field enhancement
at the tips of the structure in the polarization direction be-
cause of the localized surface plasmon. The high field dis-
tribution cannot be explained by the thermal expansion
mechanism because the heat inside the gold nanorod
comes from the current whose distribution peaks at the po-
sitions of the field minima (i.e. at the center) in optical an-
tennas3®. Thus, distinct spatial maps are expected to distin-
guish the two different mechanisms. Tumkur et al. success-
fully demonstrated that the dominant force for the plas-
monic structure is the induced dipole (field gradient) force
by mapping the field distribution of the gold nanorod
whose edge is brighter and center is dark as expected3”.
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0.1pN (most of the material) Noise
level
Weak oscillator

1pN (positive permittivity) .
Long relaxation time (>10 ps)
10pN
inorganic material
100pN Strong oscillator

(negative permittivity)
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Figure 7. Typical induced dipole and thermal force ranges with
respect to material’s properties.

We have shown, both theoretically and experimentally
that, besides the induced dipole force (pure electromag-
netic effect), the tip-enhanced light absorption followed by
heating and thermal expansion of nanoscale materials can
also generate a photo-induced force in PiFM. The modu-
lated van der Waals force gradient of thermally expanded
samples is found to play a crucial role in exerting a net
force gradient on the tip, even in the non-contact mode
operation of PiFM. There is a critical distinctive character-
istic of the thermal interaction, which is different from
those of the induced dipole force. The difference is the
spectral dependence of the signal near the resonance wave-
length of the sample material. While the induced dipole
interaction exhibits a dispersive spectral response, the
thermal effect follows dissipative Lorentzian spectral line
shape. In the view of the “chemical” imaging Lorentzian
lineshapes significantly facilitate the interpretation of the
molecular response, and in this regard the photothermal
response may be preferred over the induced dipole force.
We have suggested a way to distinguish the thermal effect
from the induced dipole force by adjusting the relaxation
time, which is related to the sample volume and thermal
diffusivity. By measuring hyperspectral images of the
photo-induced force of SiNc clusters at two different relax-
ation time conditions, we confirmed the different spectral
dependence of the two mechanisms. The quantitative
comparison between the two tip-enhanced forces helps to
unravel the entwined mechanisms that give rise to photo-
induced forces in hyperspectral nanoscopy. Finally, the in-
sights obtained from this study may be applied to recent
advances in optomechanical nanoscopy and spectroscopy,
such as photo-induced force microscopy, photothermal-
induced resonance microscopy and peak force infrared mi-
croscopy. Our analysis will help the interpretation of na-
noscale chemical characterization of heterogeneous mate-
rials> 38 as well as provide insight into the degree of light-
matter coupling in metal/van der Waals materials such as
surface plasmon polaritons3 and surface phonon polari-
tons*.

MATERIALS AND METHODS

Sample preparation. The polystyrene film is prepared by
spin-coating homopolymer of PS onto silicon substrates,

which is purchased from Polymer Source Inc. The PS homo-
polymer has a molecular weight of M, = 22.5 kg/mol and
M,,/M, = 1.06, resulting in a film thickness of 60 nm. For the
SiNc clusters, the diluted Silicon 2,3-naphthalocyanine bis
(trihexylsilyloxide) (SiNc) in the toluene from Sigma Aldrich
Inc. is spin-coated onto the glass substrate. It resulted in vari-
ous size of molecular clusters from a few nm to a few hundred
nm.

PiFM measurements. A VistaScope microscope from Molec-
ular Vista Inc. is used for the mid-IR experiment, which is cou-
pled to a Laser Tune QCL laser system with a wave number
resolution of 0.5 cm™ and a tuning range from 800 to 1800 cm™
from Block Engineering. The laser beam is side-illuminated to
the sample with angle of 30 degree by an parabolic mirror
whose numerical aperture (NA) is around o0.4. The average il-
lumination power was 10 mW with around 20 um diameter
focal spot. The microscope is operated in tapping mode with
NCH-Au 300 kHz noncontact cantilevers from Nanosensors.
Typically the fundamental resonance is around 300 kHz and
the second resonance is around 1.8 MHz. The 30 ns pulsed
beam is modulated by tuning its repetition rate to the sum
frequency of cantilever’s eigenmodes as fn = f, - f, = 1.5 MHz.

A Nanonics MultiView 2000 tuning-fork based AFM system is
used for the near-IR experiment by coupling to a tunable
Ti:Sapphire mode Lock laser (Mira 9oo from Coherent Inc.).
The laser system can switch the continuous wave to femtosec-
ond pulses (< 200 fs, 76 MHz repetition rate) in the range from
700 nm to 980 nm. The laser beam illuminated the sample in
an inverted microscope equipped with a high numerical aper-
ture (NA = 1.25) objective lens. The average illumination
power was 200 pW with around 400 nm diameter focal spot
for the CW experiment and 8oo uW for the fs experiment. The
microscope is operated in tapping mode with a commercial
gold coated tuning-fork from Nanonics company. Typically
the fundamental resonance is around 32 kHz and the second
mechanical resonance is around 200 kHz. The laser intensity
is modulated by using an accusto-optical-modulator at the
frequency f, which is around 168 kHz (fn=f. - f,).
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S1. Derivation of the induced charges and the (image) dipole force in the layered system.

When a sharp metal tip is illuminated, the lightening-rod effect confines fields to the end of the tip. This
effect can be modeled with the finite dipole method2. The schematic diagram in the tip-sample geometry
is illustrated in Figure Sla. The tip is modeled as an ellipsoid of length 2L and the tip end is described as
a sphere of radius R, which is inscribed in the ellipsoid. The electric field from the tip without the sample
substrate is described as’:

2F(L+H) | L—-F+H

__ H2+L(2H+R) N F+H
ES(H) - ;p(f-:tm L-F EO (Sl)

LR(g¢—1) L+F

where F is the focal length given as F = L /1 — %, H is the gap distance from the tip end to the sample

surface and the & is the permittivity of the tip. The electric field can be successfully mimicked by a charge
(Qo) which lies in the center of the inscribed sphere. Cvitkovic et al.! demonstrated that the s-SNOM tip
is well described by adjusting the ratio between the half length of the ellipsoid (L) and the radius of tip

(R).

(b)

U, (-d<z<0) i

Fig. S1. Schematic diagram of the image charges with finite dipole method. (a) Dipole-image dipole
interaction based on the ellipsoidal finite dipole model. The image dipole is positioned at Xg in the layered
sample. The tip is modeled as an ellipsoid with length of 2L. The plane wave light is illuminated to the
sample with angle of 6. The H is the gap distance from the tip end to the sample surface. (b) Potential
responses of a charge Qo in the distance zo above a flat layered sample.

When the tip is approaching a planar surface, the field enhancement near the tip is boosted by the multiple-
scattering process between the tip and the substrate®. The process is rigorously described by using the
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Green function approach. If we focus on the near-field contribution, it can be further simplified by using
the image-dipole method. Hauer et al.2 successfully modeled the multiple-scattering effect in the electro-
static condition by implementing the ellipsoidal finite dipole-image dipole model in the layered system.
In this model the two charges are induced on the tip: one is the initial charge (Qo) due to the incident beam
Eo, which is positioned at the center of the inscribed sphere R. The charge Qo is described as:

2F(L) L-F
@ T Lo8l 7

Qo = 47T80R2Es(0) = 47T<’30R2 2FQ—ec) | LF E, (S2)

La(eg—1) [L+_F]

where & is the permittivity of the vacuum. The image charges Qo’ due to the external charge Qo can be
described by the potential response U of the sample. The potential response U of the sample to the poten-
tial of a charge Qo at the distance zo = R+H above a flat layered sample can be calculated by solving the
boundary conditions®. The diagram whose origin is located on the sample surface is shown in Figure S1b.
The potential above the sample is given as

Q
U, = —4n20 (Do + D4),

o = [, e Koo (kr)dk,

@, = [° A(k)ek=D o (kr)dk (0<z<0). (S3)

The potential inside the sample is given as

Q
Uy, = ——= (P, + Ps),

4-7'[80
@, = [.” B(k)e ™ @02, (kr)dk,

Dy = [ C(k)e*@o=DJo (kr)dk (-d<z<0). (S4)
The potential below the sample (inside substrate) is given as

_ Qo
U3 - 4TTE Q)‘L’

®, = [ D(k)e ™ @2y (kr)dk,  (z<-d) (S5)

—2kd 2 1
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where A(k) = £12tFzse

1—B21B23e~2kd

e~?k%, B(k) =
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— p23 —2k(d+zo) _ 1+B53 )
C(k) = T T oJand D(k) = TR For the layered system, the com
plex electrostatic reflection factor g is changed to B, = z":m for the layered material where n,

aU au
1Iz =€ azlz Oand

m=1,2,3. According to the boundary conditions, U;(z = 0) = U,(z =0), €

Uy(z=—-d)=Us(z=—-d), ¢, 66122 l=—q = €3 aaU3 |,=—q, the potential is contlnuous at the air-sample

surface but the field (normal component) is discontinuous at that boundary. The image charge is described
from the potential response @1 because the @y is the potential response of the external charge Qo without
the sample, while the ®; is the response from the layered sample. The image charge is given as Qo = —fx
Qo at the distance Xo under the sample surface (cf. Figure S1b). For the determination of the strength and
position of this point charge, we demand that its potential and electric field component in z-direction
coincide with the actual response of the sample at z = 0:

D, |, o=~ By and o 120= D1 o=~ B 2"
Z,+ X 0z (z,+ X)
This condition leads to
cDZ
ﬂX - (Dl, |z 0 (86)

()
and X =——x| _ (S7).
q)i |z—0 ( )

The other induced charge is Q1 due to the mirrored image charges of Qo and Q1’. The Q1 is positioned at

one of the foci of the ellipsoid, givenas F = L /1 — %, which is around half of the radius R/2 from the tip

end for R/L = 1/15. The z1 is given as z1=L-F+H~R/2+H. The Q1 creates an image charge Q:’ which also
induces a charge in Q1 through the multiple-scattering process. A self-consistent treatment of the problem
leads to the final amount of the induced charge Q1 that has two contributions stemming from the polari-
zation of the sample by Qo and by Qs itself2.

— BXOfO
1 1_ﬁX1f1

Q1 = Bx,foQo + Bx, /101 = =nQo (S8)

ln—2=L
R+2H+zi) R+4H+2z;

where Q, = 4mR?E,(0), By, = —¢}(Zi)2 |z=0, fi = (g — z— and i=0,1. The g is the em-
t ?'1(zp) 2L In—

pirical geometric factor due to the tip shape. For typical PiFM (or s-SNOM) tip geometries, |g| = 0.7+0.12.

By substituting the Qo->Q1 and zo->z1 into Eq. (S3) to (S7), the potential response of the induced charge

Q1 can also be obtained. Together, the total potential response is the sum of the potentials given as

Uwt=U(Qo, zo) +U(Q1, z1), and the electric field is given by differentiating the potential with respect to the

z-axis in the regions.

13



The electrostatic reflection factor is extended for the layered system as the effective electrostatic reflection
coefficient Sest as the weighted average of By and By, , which is given as’:

ﬁ 0+ﬁ 1
Bogr = 2221 (59)

T 147

Fxofo _ Q1/Qo. The Re{es} decreases from the
1_ﬁX1f1

Re{psi} (0.84) to the Re{frs} (0.43) as the PS film thickness increases, which plotted in Figure 2b in main
text.

where the weighting is done according to the ratio n =

The total force between the tip and substrate is generally addressed by using the Maxwell stress tensor®.
However, this approach requires extensive calculations, which make it more difficult to recognize the
physical mechanisms at work. To address this issue, it is possible to implement the dipole approximation
using a Green function approach®. By focusing on the near-field contribution, this force calculation can
be further simplified by the above-mentioned static charge approach. The electrostatic force is directly
calculated by using the Coulombic force between the charges on the tip and the sample, which is given
as:

1
4TIE

.3X0|Q0|2 ﬁXllQllz (Ql)*ﬁXoQO (QO)*BX]_Ql
(Zo+X0)?  (z1+X1)? (z1+X0)? (Zo+X1)?

Faip = ——Re{ }Eol? (S10).

For the spherical point dipole model”® where L=R, Eq. (510) corresponds to Eq. 1 in main text.

S2. Tip-enhanced thermal expansion for 60 nm polystyrene film on Si substrate

The electrostatic potential inside (red) and outside (blue) of the 60 nm PS film on Si substrate is plotted
in Figure S2a by using Eg. (S3)-(S5) when the gap distance H is fixed as 1 nm. The polystyrene faces
with air at z=0 nm and lies in the left side. The tip end is located at z=1 nm by keeping the H=1 nm. Ex
(blue) is the gap field between the tip and the sample and E> (red) is the field is inside the 60 nm
polystyrene sample. The normalized electric field distribution is obtained by differentiating the electric
potential in Figure S2a with respect to z-axis, plotted in S2b. The simulation parameters are R=30 nm,
L=450 nm, t,=30 ns, H=1 nm, =30 degree and the vo (vibrational resonance)=1452 cm which is the C-
H bending mode of the PS. The incident electric field should be considered as the peak field for the
pulsed beam, which is given as E, = Cieolj’i where lg is the incident power, A is the focal area, f is the
repetition rate and the 7, is the pulse width. Because the radius of our focal area is around 10 um, for
10=10 mW, A=n(10 um)?, f=1.6 MHz and =30 ns, the peak electric field is Ec=706785 V/m. By
integrating the electric field inside the polystyrene (red solid line) in Figure S2b and substituting it into

1 41 9Re[n]Im[n] . . .
Pops = | agps ECSOlElZ dV where agps = 7 Repl2r2)?" then one can obtain the tip-enhanced absorption
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which increases the temperature inside the sample and eventually results in the strain deformation which
gives rise to the thermal expansion. Because we are interested in the maximum thermal expansion to
modulate the probe, the maximum temperature change is used for the calculation, descried as:

Pa S
ATax = pCV:eat Trel  (Trer < Tp) (S11)

Pabs
ATmaX = PT}tl)eatTp (Trel > Tp) (812)

where Vj,qq is the heated volume related to the thermal wavelength!!, given as L, = f’cefﬂ The tip-
pC

enhanced thermal expansion is given as:

ALpax = 0dAT.x  (S13)

where o is the linear thermal expansion coefficient. The cps, pps, Cps, and kps are 70x10° K2, 1.05x10°
kg/m?, 1200 J/kg.K and 0.13 W/m.K, respectively, for a PS film. The «er is the effective thermal conduc-

tivity which serially connects the sample material to its surroundings given as 2 LR,

Keff Ksample

+ h where the h is the interfacial thermal resistance between the sample and the surrounding.

Q

1

Ksurrounding

If Ksurrounding™> Ksample, Where the polystyrene sample (0.13 W/m.K) is connected to the Si substrate
(130 W/m.K), the effective conductivity is reduced to kg,mp1e before considering the interfacial thermal
resistance. However, for the thin films of low thermal conductivity such as PS is the interfacial thermal
resistance between PS and the substrate become the dominant factor for the heat transfer. Unluckily the
interfacial thermal resistance is often unknown which make modelling of the thermalization dynamic
difficult, but has the general effect of increasing the relaxation time with more prominent effect the thinner
the sample. According to Ref. [1?] we assume this effect decreases the k of the sample around by 1/2 for

the 60 nm PS so that kq¢ = %Ksample for the low thermal conductivity sample which is connected to the
large thermal conductivity substrate. Then the thermal diffusivity, defined as D = % of the polystyrene

is 5.16x10® m?/s and thus the relaxation time is 7. =~ 1.13%d2/D ~ 38ns. Because the relaxation

time (tre=38 ns) is larger than the pulse duration (t,=30 ns), Eq. (S12) is used for the maximum thermal
expansion calculation. In this case the maximum thermal expansion is rewritten as:

0dPapsTp . _OTp  Aaps

AL ~ gdAT =
max max PCVreat PCVheat Aheat

[ Qaps 5 ceolE[? dz. (S14)

We assume the A,ps & TR and Apeae & T3 where R=30 nm and [, ~ /"e;fcr” ~ 54nm. By integrating the

electric field inside the polystyrene in Figure S3b and substituting it into Eq. (S13), then one can obtain
the thermal expansion of ~23 pm at the vibrational resonance of 1452 cm™. The spectral response of the
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tip-enhanced thermal expansion for the 60 nm PS film on Si substrate is calculated with respect to
wavenumber in Figure S2c.

_ 0.2r(a) ——U, (H=1nm, z) / £ 30 (b) —E,(H=1nm, 2)¥ (c)
= —U, (H=1nm, 2) % ——E,(H=1nm, 2) 20
*g‘_ 0.1 § 4 10t
(] o
“ 00 : : u - : °L. ‘ : :
-30 -20 -10 0o Y 30 -20 -10 0 1400 1440 1480 1520 1560
z (nm) z (nm) wavenumber (cm™)

Figure S2. Thermal expansion based on the tip-enhanced field in the polystyrene film on Si sub-
strate (a) Calculated electrostatic potential and (b) the normalized field distribution by Eo based on the
ellipsoidal finite dipole model. (c) Calculated tip-enhanced thermal expansion for the 60 nm PS film on
Si substrate with respect to the wavenumber.

S3. Calculation of the van der Waals and Hookian contact force and their force gradient

due to oscillatory thermal expansion

The modulated the van der Waals and Hookian contact force and their force gradient due to the oscillatory
sample expansion are given as below:

HeffR 1 1y o HeffR 1

AF, = ko(8 + AL) — ko8 ~ koAL(ry) (H<ro) (S16)

OFygw __ HegfR 1 OH 9(AL(H))y 1 0H\ _ HegR 1 9(AL)
4 z 6 ((H—AL)3 (az 0z ) H3 az) 6 H3 OH (H>I’) (817)
d(8+AL(ro))

2% ~ (ko ko2) =0 (H<ro) (S18)

0z

with Z—Z =1and g = —1 where the He is the effective Hamaker constant between tip and sample, R is

the tip radius, ro is the interatomic distance (~0.3 nm)*3, & is the deflection of cantilever and ko is the
stiffness of the cantilever. The Hamaker constant between polystyrene and the Au tip is described as the

reduced Hamaker constant which is given as Hegs = /Hps X Hay=1.73 x 10°%° J where Hys is 6.57 x 10
J and Hay is 4.53 x 1071° J. Therefore AF 4y is -640 pN and Aapg% is 8.4 N/m for AL = 20 pm,R =
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30 nm at H=0.3 nm, and AF. is 740 pN for AL = 20 pm, k, = 37 N/m and A% is zero. The tip-en-

Z

hanced thermal expansion is maximized when the tip is in contact with the surface and it doesn’t depend
on the deflection of the cantilever (contact force). Because the PiFM sideband signal is proportional to
the modulated force gradient, in the dynamic tapping mode PiFM, the modulated van der Waals force
gradient is contributed in the PiFM sideband signal in both of the attractive and repulsive region.
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